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Abstract
Aim: The primary goal of this study was to investigate the potential effects of A5G81 
in inducing reparative dentine (RD) formation both in vitro and in vivo.
Methodology: Cell adhesion was observed by crystal violet staining and quantified 
by Sodium Dodecyl Sulphate (SDS) extraction. Cell proliferation was investigated 
using Cell Counting Kit-8 (CCK-8) assay. Spreading of cytoskeleton was visualized 
using immunofluorescence staining. Protein expression level of Akt signalling path-
way was compared in a human Akt pathway phosphorylation array. Genes that were 
up or downregulated by A5G81 were identified by RNA sequencing. The mRNA ex-
pression of odontoblastic markers was detected by quantitative real-time polymerase 
chain reaction (qPCR). Moreover, mineralization of human dental pulp cells (hDPCs) 
was visualized by alizarin red staining and quantified using cetylpyridinium chloride 
(CPC). A direct pulp-capping model was established in SD rats and the RD formation 
at 2 weeks after operation was observed using HE staining.
Results: A5G81 (optimal coating concentration: 0.5 mg/mL) promoted hDPCs 
adhesion and proliferation to a level that was similar to Type I collagen (COL-1). 
Meanwhile, A5G81 activated Akt signalling pathway, albeit to a lesser extent than 
COL-1. An inhibition test indicated that A5G81 induced hDPCs adhesion by activat-
ing PI3K pathway. A5G81 induced the expression of ECM remodelling genes and od-
ontoblastic genes, which were demonstrated by RNA-seq and qPCR, respectively. In 
addition, A5G81 efficiently accelerated the mineralization of hDPCs in both immo-
bilized and soluble forms, a property that makes it more applicable in dental clinic. 
Finally, the pulp-capping study in rats suggested that use of A5G81 could success-
fully induce the formation of RD within 2 weeks.
Conclusion: Coating of A5G81 to non-tissue culture–treated polystyrene facilitates 
spreading, proliferation and differentiation of hDPCs, resulting in rapid RD forma-
tion in artificially exposed pulp.
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INTRODUCTION

Preservation of dental pulp vitality will undoubtedly ex-
tend the longevity of a tooth. In deep caries treatment, un-
expected pulp exposure may occur during the process of 
decay removal. To achieve efficient wound healing in ex-
posed pulp, various materials especially calcium hydroxide 
(CH)-based and calcium silicate (CS)-containing products 
have been tested in animals and even applied clinically 
(Peskersoy et al., 2021). However, the hard tissue forma-
tion induced herein was primarily due to external calcium 
release from those materials and their rapid formation of 
apatite instead of in situ human dental pulp cells (hDPCs) 
differentiation and mineralization (Gandolfi et al., 2015). 
Therefore, to achieve biological dentine regeneration, it 
is highly desirable to develop materials that are capable 
in activating the inherent regenerative potential of dental 
pulp.

Laminins (LNs) are a major type of cell adhesive ex-
tracellular matrix protein in the basement membrane. 
They contain at least 24 types of proteins composing three 
sub-chains (α β γ). One of the most broadly and highly 
expressed of these proteins is laminin alpha 5 (LAMA5), 
which is indispensable for normal embryonic develop-
ment (Jones et al., 2020). The important role that LAMA5 
plays in dictating the normal development of tooth bud 
is evident upon its genetic knockout in mice, which re-
sults in defective cusp formation and enamel knot devel-
opment, and interrupted epithelium polarity (Fukumoto 
et al.,  2006). Previously, the potential of iMatrix-511, a 
fragment derived from LN α5β1γ1 (LN-511), in specifi-
cally promoting odontoblast differentiation was demon-
strated (Tang & Saito,  2018). Nevertheless, there are 
problems related to the use of proteins such as high cost 
and enzymatic degradation. To avoid those shortcomings, 
peptides are gaining increasing interests over proteins, 
thanks to their advantages such as ease of synthesis and 
resistance to enzymatic digestion. Importanly, previous 
work has already reported the potentiality of a peptide 
derived from amelogenin in driving dentine regeneration 
(Peng et al., 2021).

A5G81, a dodecapeptide derived from LG4 domain 
of LAMA5, has been identified as an adhesive peptide 
for human dermal fibroblasts (Katagiri et al.,  2012). A 
follow-up study confirmed its high efficacy in closing di-
abetic dermal ulcers when delivered through a thermo-
responsive hydrogel (Zhu et al., 2018). More recently, it 
was reported that A5G81 could facilitate aged human nu-
cleus pulposus (NP) cells to de-differentiate into a much 
younger state and could potentially be used to cure disc 
degeneration (Speer et al.,  2021). Those literatures evi-
denced that A5G81 is highly promising in contributing 
to wound healing process and tissue regeneration. As 

wound healing also occurred shortly after pulp capping, 
we speculated that A5G81 might play positive roles in 
enhancing DPCs differentiation and reparative dentine 
(RD) formation. Therefore, the primary goal of our cur-
rent study was to investigate the in vitro effects of A5G81 
in hDPCs and in vivo effects of A5G81 in direct pulp 
capping.

MATERIALS AND METHODS

PRILE and PRIASE guidelines

The manuscript has been written according to the Pre-
ferred Reporting Items for Laboratory studies in Endodon-
tology (PRILE) 2021 guidelines (Nagendrababu, Murray, 
et al., 2021) and the Preferred Reporting Items for Animal 
studies in Endodontology (PRIASE) 2021 guidelines (Na-
gendrababu, Kishen, et al., 2021) to depict the main steps 
involved in conducting the current in vitro and in vivo ex-
periment (Figures 1 and 2).

Peptides and reagents

Mouse A5G81 (LG4 domain of LAMA5, amino acid 
sequence: Ala-Gly-Gln-Trp-His-Arg-Val-Ser-Val-Arg-
Trp-Gly, AGQWHRVSVRWG) (Figure  S1) was custom 
synthesized by ChinaPeptides via the 9-fluorenylmethox
ycarbonyl-based solid phase method. All peptides used in 
this study had a purity over 95%, as determined by high-
performance liquid chromatography (HPLC) and mass 
spectrometry (MS) analysis (Figure S2).

All reagents were obtained commercially. Dulbec-
co's Modified Eagle Medium (DMEM) (D6429, Sigma); 
Fetal Bovine Serum (FBS; F8318, Sigma); antibiotics 
(1%, 100 U/mL penicillin, 100 μg/mL streptomycin, 
250 ng/mL amphotericin B, Genom Technology); col-
lagenase type I (Yeason); trypsin (Gibco); crystal violet 
staining solution (E607309, Sangon Biotech); Sodium 
dodecyl sulphate (SDS, A600485-0500, BBI Life Sci-
ences); water-soluble dexamethasone (Dex, D2915, 
Sigma); beta-sodium glycerophosphate (β-GP) (G9422, 
Sigma); ascorbic acid (AA, A4544, Sigma); Alizarin 
Red S powder (ARS powder, E126BA0007, Sangon 
Biotech); Neutral buffered formalin (10%, KA1418, 
Kingmorn); FITC-labled phalloidin (Yeason); Fluo-
romount-G® (CAT NO. 0100-01, Southern Biotech); 
cetylpyridinium chloride, monohydrate (CPC, OLD# 
CD0106-100 g, BBI Life Sciences); CCK-8 assay kit 
(Yeason); Human/Mouse Akt Pathway Phosphoryla-
tion Array C1 (AAH-AKT-1-4, RayBiotech); TRIzol 
reagent (Invitrogen); PrimerScript™ RT Master 
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      |  3TANG et al.

Mix (Perfect Real Time) (RR036A, TAKARA); Hieff 
qPCR SYBR Green Master Mix (No Rox, 11201, Yea-
son); Haematoxylin and eosin (HE) staining solution 
(Prod#WH2144, WELLBI).

Polystyrene coating

Prior to cell seeding, the non-tissue culture polystyrene 
plates were pre-coated with A5G81 or COL-1 solution 

F I G U R E  1   PRILE 2021 flowchart illustrating the steps in conducting the current research (In vitro).
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diluted by ultra-pure water. Briefly, the A5G81 powder 
(1 mg/vial) was dissolved in ultra-pure water to make the 
stock concentration: 1 mg/mL. Various concentrations of 
A5G81 ranges from 0.0001 to 0.5 mg/mL were prepared 

by serial dilution from the stock solution. Similarly, the 
COL-1 stock solution was diluted by 100 times in ultra-
pure water to make the working concentration: 30 μg/mL.  
Three types of non-tissue culture polystyrene plates 

F I G U R E  2   PRIASE 2021 flowchart illustrating the steps in conducting the current research (In vivo).
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(96-well plate, 12-well plate and 6-well plate) were coated 
by A5G81 and COL-1. The coating volume for each plate 
type was 100, 300 and 500 μL, respectively. The coat-
ing procedure sustained for at least 48 h under 4°C. Af-
terwards, the coating solution was aspirated and hDPCs 
were seeded immediately without washing.

Cell culture

Human dental pulp cells (hDPCs) were collected from 
the third molars of healthy donors. Inclusion criteria: 
the donors were 25–40 years old, without systemic dis-
eases, infectious history, caries, pulpitis, periapical 
periodontitis and root resorption. Informed consent was 
obtained from patients and isolation of pulp tissue was 
approved by the Institutional Review Board of School 
of Stomatology, Tongji University (No. 2022-19). For de-
tailed procedure for isolation of hDPCs, please refer to 
our earlier article (Tang & Wang, 2023). Briefly, hDPCs 
were cultured in DMEM supplemented with 10% FBS 
and 1% antibiotics, which was described as the main-
tenance media (MM). The MM were changed every 
3–4 days and hDPCs were detached and passaged using 
trypsin at 80%–90% confluence. hDPCs were maintained 
at 37°C in a humidified atmosphere containing 95% air 
and 5% CO2. Cells at passage number 3–6 were used for 
the current experiment.

Cell attachment and spreading assays

The cell attachment assay using A5G81 and COL-1-coated 
plates was performed. Briefly, A5G81 solution with differ-
ent concentrations (0.001, 0.01, 0.03, 0.05, 0.1 and 0.5 mg/
mL) was added and incubated under 4°C for at least 48 h. 
The detached cells were recovered, suspended in FBS-
free DMEM, plated at 6 × 104/mL and incubated for 2 h at 
37°C. The attached cells were fixed and stained with 0.2% 
crystal violet solution. After washing the non-specific at-
tached staining dye, the cells were photographed under 
microscope and the staining dye was extracted using 1% 
SDS aqueous solution. The optical density at 570 nm was 
measured in a plate reader (SYNERGY H1, BioTek). All 
assays were carried out in triplicate and each experiment 
was repeated at least three times.

Cell viability assay

The cells were seeded into three A5G81 and COL-1-coated 
96-well non-tissue culture-treated polystyrene plates at the 
concentration of 3 × 104/mL. After incubation for 2, 3 and 

4 days, CCK-8 reagent was added into each well (10 μL/
well) and incubated for 2 h. Then the plate was put into a 
spectrophotometer to detect absorbance values at 450 nm.

Phosphorylation protein array

The protein detection membrane was blocked using 
blocking buffer and incubated for 30 min at room tem-
perature (RT). Lysed proteins extracted from non-coated, 
linear A5G81, cyclic A5G81 and COL-1-coated wells were 
pipetted into each membrane and incubated at 4°C over-
night. Afterwards, the membrane was washed using wash 
buffer I and II for a total of 25 min. In brief, the detection 
antibody cocktail was added to each membrane and in-
cubated for 2 h at RT. After that, another round of wash 
step following the antibody incubation removed unspe-
cific bounding. Following the washing step, HRP-Anti-
Rabbit IgG was added into each membrane and incubated 
for 2 h at RT. After washing, the membrane phosphoryla-
tion protein spot was visualized by chemiluminescence 
detection and recorded by a CCD camera (Amersham™ 
ImageQuant™ 800 Biomolecular Imager, Cytiva). The ex-
pression level of each protein stimulated by A5G81 and 
COL-1 was semi-quantified using Protein Array Analyzer 
function in ImageJ.

RNA sequencing

Total RNA was isolated from hDPCs of six groups (three 
groups for non-coated control and another three groups 
for A5G81-coated plates) using RNAiso Plus (Cat.# 9108, 
TaKaRa). Reverse transcription and library construc-
tion were performed by Shanghai Majorbio Bio-Pharm 
Biotechnology Co., Ltd. based on recommendations from 
manufacturer (Illumina). Sequencing libraries were con-
structed by Illumina TruSeq™ RNA sample preparation 
Kit and sequenced using 2 × 150 bp paired-end configu-
ration on Illumina HiSeq X Ten platform. Gene expres-
sion level was calculated using transcripts per million 
(TPM) reads. Differentially expressed genes (DEGs) were 
screened by DESeq2 with a filter criteria of fold change 
(Fc) ≧ 2 and q-value <0.05. Functional enrichment anal-
ysis including Gene ontology (GO) (https://geneo​ntolo​
gy.org/) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) (https://www.kegg.jp) was conducted to identify 
which DEGs were significantly enriched in GO terms and 
metabolic pathways at Bonferroni-corrected p value ≦ .05 
compared with the whole transcriptome background. GO 
and KEGG enrichment analysis was performed assisted by 
Goatools (a python library for GO analysis) and KOBAS 
(KEGG Orthology-Based Annotation System).
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Immunofluorescence staining

For immunocytostaining on A5G81 or COL-1-coated 
plates, the peptides were coated as described above and 
cells were inoculated into those non-treated or peptide/
protein-treated surfaces in serum-free media. The cells 
were fixed with 10% neutral buffered formalin for 10 min 
and permeabilized using 0.5% Triton-X-100 for 5 min. 
The fixed cells were washed with PBS for 30 min and 
stained using FITC-labelled phalloidin for 30 min at RT. 
After that, the cells were thoroughly washed and counter-
stained with DAPI. Finally, the coverslip with cells were 
mounted into a glass slide blocked with Fluoromount-G®. 
Photographs were taken in a Nikon Eclipse Ni fluores-
cence microscope.

Quantitative real-time polymerase 
chain reaction

Total RNA was isolated using TRIzol reagent. For reverse 
transcription of mRNA, random-primed cDNA was syn-
thesized from 1 μg of total RNA using a PrimerScript™ RT 
Master Mix kit. Real-time PCR analysis was performed 
using a SYBR Green premix kit from Yeason and detected 
on a LightCycler® 96 platform (Roche). The reaction 
conditions for real-time PCR analysis are: 1. 95°C, 30 s, 
1 cycle; 2. 95°C, 3 s → 60°C, 30 s → 72°C, 30 s, 45 cycles. 
GAPDH was used as an internal control for the quantifi-
cation of mRNA expression. Primer sequences are listed 
in Table S1.

Western blot analysis

The radioimmunoprecipitation assay buffer (RIPA buffer) 
(P0013B, Beyotime) and inhibitors cocktail (phenyl-
methylsulfonyl fluoride solution, PMSF solution, ST507, 
Beyotime; Protease inhibitor cocktail, P1005, Beyotime; 
Protein phosphatase inhibitor, P1046, Beyotime) were 
used for protein isolation at 6 days after inoculation (6-
well plate, 50 μL lysis buffer/well). The total protein was 
diluted five times by water and quantified using Pierce™ 
BCA assay (23225, ThermoFisher Scientific). Electro-
phoresis (protein loading amount: 10 μg; EPS 300 protein 
electrophoresis system, Tanom), transferring and block-
ing (the polyvinylidene difluoride [PVDF] membrane 
was immersed in 3% bovine serum albumin [BSA] dis-
solved in tris-buffered saline containing polysorbate 20 
[TBST] at RT for 1 h) were performed in sequence. The 
primary antibodies used for this experiment were anti-
bodies against COL-1 (1/1000 dilution, rabbit polyclonal 
antibody, ab34710, Abcam), IBSP (1/1000 dilution, rabbit 

polyclonal antibody, BA2329, Boster) and the internal 
control: β-actin (1/2000 dilution, mouse monoclonal anti-
body, 8H10D10, #3700, Cell Signaling Technology). After 
incubation in primary antibodies at 4°C overnight, PVDF 
membrane was treated with respective secondary antibod-
ies (1/1000 dilutions for both anti-rabbit and anti-mouse 
secondary antibodies) for 1 h. The bands were visualized 
using Enhanced Chemiluminescent (ECL) detection kit 
(SQ101, EpiZyme Scientific) and photographed by an 
Amersham ImageQuant 800 Westen Blot imaging system 
(Cytiva).

Odontoblastic differentiation assay

The odontoblastic media (OM) consisted of DMEM, FBS 
(10%), β-GP (10 mM), AA (50 μg/mL) and Dex (10 nM). 
Cells were seeded into A5G81 and COL-1 coated 6-well 
plate (Non-tissue culture treated, NEST) (6 × 104/mL) 
after digestion with trypsin. When the cells reached 
80%–90% confluence, OM was added into each well and 
changed every 3 days. After 17 days of OM induction, min-
eralization nodules could be observed under microscope. 
Alizarin red staining and semi-quantitative analysis were 
performed after 20 days.

Alizarin red staining and 
quantification analysis

Alizarin Red S powder was dissolved in distilled water 
to produce alizarin red dye with a concentration of 1% 
and the pH of 4.1. The cell monolayer was washed with 
PBS once and fixed with 10% neutral buffered formalin 
for 20 min, washed with water once. After that, alizarin 
red dye was added to cover the cell monolayer and in-
cubated for up to 10 min. Following staining step, cells 
were washed using water for 2 h to completely remove 
non-specific background staining. Finally, the stained 
cells were photographed on a negatoscope. For quantifi-
cation of staining intensity, CPC was added into each well 
and incubated for 1 h. The transparent CPC turned pur-
ple after addition into stained cells. The purple superna-
tant was transferred into a new 96-well plate and optical 
density values for each well was detected at 570 nm by a 
spectrophotometer.

Rat tooth pulp exposure and direct 
pulp capping

Five-week male SD rats, weighing 200–300 g, were pur-
chased from Shanghai Legen Biotechnology Co., Ltd. 
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The operation of animals was approved by the Insti-
tutional Animal Care and Use Committee of School of 
Stomatology, Tongji University (No. 2022-DW-01). The 
rats were anaesthetised with an intraperitoneal (i.p.) 
injection of pentobarbital sodium (P3761, Sigma) at a 
dose of 40 mg/kg. Bowl-shaped cavities with diameters 
at 0.6 mm were prepared on the centre cusp of the right 
and left maxillary first molars (M1), using BR-48F (tip 
diameter: 0.6 mm) diamond point with a high-speed 
handpiece under water spray. The pulps were then ex-
posed using a K-file (#06). Haemostasis was achieved 
by wiping the cavity with a sterile gauze. The cavity 
was gently air dried. For each experimental group, the 
capping materials were applied as follows: no capping 
group (NC group, n = 6); iRoot® BP+ plus group (BP 
group, n = 6); A5G81 group (A group, n = 6); iRoot® BP+ 
plus with A5G81 group (BPA group, n = 6). The adhe-
sives (Single bond universal, 3M ESPE) were used af-
terwards, left undisturbed for 20 s followed by gentle air 
blowing and photopolymerized with a light-curing unit 
for 10 s. Thereafter, flowable light cure composite resin 
(Revolution formula 2, Kerr Corporation) was applied 
to the cavity, the surface was gently air blown and pho-
topolymerized with a light-curing unit for 20 s.

Micro-computed tomography evaluation

The SD rats were sacrificed at pre-determined time points, 
postoperatively. The maxillae with teeth of all groups 
were isolated and fixed for micro-computed tomography 
(μCT) scanning (μCT 50, SCANCO MEDICAL AG). The 
scanning parameters were as follows: 70 kV, 200 μA, 14w, 
300-ms exposure time per frame and 7-μm voxel size.

Tissue preparation and serial sectioning

Two weeks after the operation, the rats were sacrificed 
using i.p. injection with an overdose of anaesthetic solu-
tion mentioned above. The maxillae, along with the ex-
perimental teeth, were carefully removed and immersed 
overnight in 4% PFA at RT for fixation. Excess tissue 
was trimmed off the specimens, and then they were de-
calcified with 10% EDTA decalcifying solution (pH 7.4, 
Wako Pure Chemical Industries Co.) at 37°C for 7 weeks. 
After decalcification, the resin composite was care-
fully removed from the cavity and rinsed with running 
water for 6 h. The tissues were dehydrated in ascend-
ing concentration of ethanol solution, dealcoholized by 
xylene and subsequently embedded in paraffin. Serial 
sections of 4-μm-thick slices were cut using a sliding mi-
crotome (RM2235; Leica Microsystems) and mounted on 

aminopropyl triethoxysilane-coated slides. The sections 
were deparaffinized with xylene, hydrated in a series of 
descending grades of ethanol, and then rinsed briefly with 
tap water and stained by HE for histological observation 
of RD formation.

Statistical analysis

All the in vitro experiments were conducted in triplicate 
and the results were expressed as the mean ± standard de-
viation. Data were subjected to one-way anova and post 
hoc Tukey's multiple comparison tests. Regarding in vivo 
results, the evaluation criteria for RD formation were clas-
sified into the following four types: (1) no RD formation 
(none); (2) RD formation extending from one side to no 
more than one half of the exposure site (slight); (3) incom-
plete RD formation extending from one side to more than 
one half of the exposure site but not completely covering 
the exposure site (moderate); (4) complete RD formation 
(intense). Experimental results of in vivo study were ana-
lysed with a chi-square test to examine the differences be-
tween groups. The statistical significance level was set at 
p < .05.

RESULTS

A5G81 enhanced hDPCs adhesion and 
proliferation, activated Akt signalling 
pathway

Since cell adhesion is a prerequisite for odontoblast dif-
ferentiation, we tested the adhesiveness of A5G81 peptide 
using non-tissue culture-treated polystyrene plates, which 
was originally used for suspended cell culture. hDPCs 
adhesion on polystyrene substrates coated by A5G81 di-
luted in a series of concentration (0.001, 0.01, 0.03, 0.05, 
0.1 and 0.5 mg/mL) was assessed by crystal violet stain-
ing (Figure  3a). The coating concentration (0.5 mg/mL) 
was selected for its superior adhesiveness as illustrated 
by the staining and quantification study (Figure 3b). We 
next compared the cell adhesiveness of A5G81 (0.5 mg/
mL) with COL-1 (30 μg/mL). The results indicated that 
this concentration of A5G81 achieved comparable cell ad-
hesiveness as COL-1 (Figure 3c,d). Moreover, result from 
CCK-8 assay showed that A5G81 promoted hDPCs prolif-
eration better than COL-1 at the initial 2 days (Figure 3e). 
Except for the cell adhesion and proliferation study, we 
screened for potential members in Akt signalling pathway 
that could potentially be activated by A5G81 or COL-1 at 
2 days after culture in serum-free media. Akt (Ser-473) 
was identified by a phosphorylation protein array to be 
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activated by both A5G81 (both linear form and cyclic 
form) and COL-1 (Figure 3f,g) in hDPCs.

A5G81 induced the differentiation and 
mineralization of hDPCs in vitro

RNA-seq analysis was carried out for two groups: hDPCs 
cultured on linear A5G81-coated (LA5G81) plates and 
hDPCs cultured on non-coated plates (Control). The cor-
relation analysis of the sequencing samples indicated that 
replicate samples had high similarity and sound repeatabil-
ity (Figure  S3). The GO annotation analysis revealed that 
genes related to cell part were significantly influenced by 
A5G81 (Figure S4). The KEGG annotation and enrichment 
analysis showed genes involved in sensory system regula-
tion were significantly up- or downregulated by A5G81 
(Figures  S5 and S6). The detection results were screened 
according to the aforementioned criteria. Specifically, 148 
DEGs were identified by comparing LA5G81 and Control, 
including 61 upregulated genes and 87 downregulated 
genes (Figure 4a,b). An interaction network between those 
genes is shown in Figure 5a. We further screened the DEG 
data by applying the following criteria: TPM > 0.5; Fc > 2. 
Five significantly upregulated genes were screened (Fig-
ure 5b). Immunofluorescence staining confirmed that PI3K 

mediates binding of hDPCs with A5G81 (Figure  6a). To 
systematically investigate the effects of A5G81 on hDPCs 
mineralization, both soluble and immobilized forms of 
A5G81 were applied to observe matrix mineralization. It is 
shown in Figure 6b–e that both forms of this peptide could 
effectively promote the mineralization process of hDPCs. 
To compare the odontoblastic effects between A5G81 and 
COL-1, qPCR was conducted to assess the mRNA expres-
sion of various odontoblastic genes. It is shown that at 1 h 
after hDPCs inoculation, there were no differences in ex-
pression of eight genes in A5G81-coated group (Figure 7a–h 
left to dotted line), whereas in COL-1-coated group, there 
were minor elevations in the mRNA expression of DMP-1 
(Figure 7a) and DSPP (Figure 7d). When the culture time 
increased from 1 to 2 h, an inducive potential of A5G81 in 
eliciting upregulation of odontoblastic genes could clearly 
be seen in Figure 7b–d,f–h, especially for COL1A1 and BSP, 
the fold change for both genes was significantly higher in 
A5G81 group than in control. Although A5G81 promoted 
the mRNA expression of DMP-1 at 6 and 19 h, the ascending 
tendency was terminated at 15 days (Figure 7i–k). In con-
trary, the mRNA expression of DMP-1 in COL-1 group was 
sharply decreased at 15 days (Figure 7k). On the other hand, 
a constant upregulation of COL1A1 was observed in A5G81 
group (Figure 7l–n). As there was constant upregulation of 
COL1A1 mRNA in hDPCs cultured on A5G81 from 2 h to 

F I G U R E  3   A5G81 shows cell adhesiveness, promotes cell proliferation and activates Akt signalling pathway in human dental pulp cells 
(hDPCs). (a) Photographs of hDPCs adhering to plates coated by a serial concentrations of A5G81; (b) Quantification of cell adhesion levels 
using SDS reagent in (a), different symbols represent significant differences between groups, p < .05; (c) Photographs of hDPCs adhering to 
A5G81 (0.5 mg/mL) or COL-1-coated plates; (d) Quantification of cell adhesion levels using SDS reagent in (c), different symbols represent 
significant differences between groups, p < .05; (e) Comparison of cell proliferation activity in non-coated group, A5G81-coated group and 
COL-1 group, different symbols represent significant differences between groups in each specific time points, p < .05; Representative arrays 
(f) and densitometry (g) of Akt signalling pathway in hDPCs cell lysates. Data were normalized over internal positive control (four black 
points in the upper left side and two black points in the lower right side of the blotting membrane), the red dotted line box in (f) denotes Akt 
(p-ser 473) or PKB (p-ser 473). L-A5G81: Linear A5G81, C-A5G81: Cyclic A5G81.
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15 days, we compared the protein expression of COL-1 in 
different experimental groups, the data revealed that A5G81 
promoted COL-1 protein expression in hDPCs compared 
to noncoated control and COL-1-coated group (Figure 7o, 
upper lane). Meanwhile, the protein expression of BSP was 
found to be significantly enhanced in A5G81-treated hDPCs 

(Figure 7o, middle lane). Furthermore, to confirm its superi-
ority in inducing matrix mineralization of hDPCs, cells were 
cultured on A5G81 for 18 days under osteogenic induction 
condition and stained by Alizarin red S solution. The re-
sult indicated A5G81 promoted hDPCs mineralization bet-
ter than the control, surprisingly, mineralization in COL-1 

F I G U R E  4   A5G81 upregulates 61 genes and downregulates 87 genes at 3 h of human dental pulp cells cultivation. (a) Clustering 
expression analysis of differentially expressed genes (DEGs). The red colour indicates upregulated genes, while the green colour indicates 
downregulated genes. (b) Volcano map of DEGs. Red points represent significantly upregulated genes and blue points represent significantly 
downregulated genes.

F I G U R E  5   A5G81 activates extracellular matrix remodelling genes. (a) Identification of key genes upregulated by A5G81 using RNA-
seq data. (b) Gene interaction analysis under GO term cell part (GO: 0044464), red dotted lines represent interaction of three key genes with 
others.
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F I G U R E  6   A5G81 facilitates human dental pulp cells (hDPCs) adhesion via PI3K and stimulates hDPCs mineralization in both soluble 
and immobilized form. (a) Immunofluorescence staining of cytoskeleton in hDPCs. Mineralization of hDPCs stimulated by coated A5G81 
(0.01, 0.1, 0.5 mg/mL) (b, d) and soluble A5G81 (1, 10, 100 ng/mL) (c, e), different characters represent significant differences between 
groups, p < 0.05, n = 3.

F I G U R E  7   A5G81 promotes upregulation of odontoblastic genes and accelerates mineralization better than COL-1. RNA was 
isolated and subjected to qPCR analysis of DMP-1 (a), COL1A1 (b), BSP (c), DSPP (d), ALP (e), OPN (f), OCN (g) and ITGB1 (h) at 1- and 
2-h exposure. Also, the mRNA expression of DMP-1 (i: 6 h; j: 19 h; k: 15 days) and COL1A1 (l: 6 h; m: 19 h; n: 15 days) was shown for both 
short-term and long-term culture. Western blotting analysis for the protein expression of BSP, COL-1 and β-actin at day six (n = 3 for each 
group) (o). Alizarin red S staining of human dental pulp cells cultured on non-coated or coated substrates is shown in (p) and quantification 
of staining intensity is shown in (q), the total culture time was 19 days, cells cultured in OM was 18 days. Different symbols represent 
significant differences between each group in each time point, p < .05 by one-way anova Tukey's multiple comparison test, n = 3.
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group was observed to be reduced as compared to control 
(Figure 7p,q).

A5G81 accelerated RD formation in vivo

The schematic illustration of direct pulp-capping proce-
dure is shown in Figure 8a. After 2 week of the operation, 
the μCT and HE staining results indicated that there was 
no hard tissue barrier formation under the pulp exposure 
site in NC group (Figure 8b the first group counted from 
left). In contrast, a continuous layer of newly generated 

RD matrix extending from both sides of exposed pulp was 
observed in iRoot BP+ plus group (Figure 8b the second 
group counted from left). Notably, nearly one third of the 
specimens in A5G81 group showed intense RD deposi-
tion, and the other one third of the same group showed 
moderate RD formation (Figure  8b,c the third group 
counted from left). In the BPA (A5G81 + iRoot BP+ plus) 
group (Figure 8b the fourth group counted from left), it 
was found that similar type of RD was formed as com-
pared to BP group. However, there were fewer specimens 
with intense RD formation in BPA group than that in 
BP group. Although iRoot BP+ plus was proved to be an 

F I G U R E  8   μCT and Histological observation of hard tissue formation at 2 week. (a) Schematic illustration of direct pulp-capping 
procedure in the central cusp of rat maxillae first molar. (red portion: capping materials; white portion: composite resin). (b) Upper panel: 
μCT scanning of rat maxillae with teeth after fixation. Middle panel (4 × objective) and lower panel (10 × objective): Histologic features of 
the sites of pulp exposure based on a 4-μm-thick section of HE staining at 2 week. * reparative dentine. (c) Statistical analysis of reparative 
dentine formation rate *p < .05.
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effective inducer of RD in the current study (Figure 8b), 
the use of A5G81 alone could also promote the occurrence 
of RD formation, indicating it might be used as a cofactor 
for pulp capping.

DISCUSSION

In the past, majority of the research regarding hDPCs has 
focussed on the effects of various soluble cues, such as 
growth factors and cytokines (Lan et al., 2022; Vaseenon 
et al., 2021). Except for those soluble molecules, scaffold-
like extracellular matrix (ECM) proteins are another im-
portant parameter in dictating cell behaviour. Similar to 
soluble factors, ECM proteins and their peptide mimetics 
can bind with cell surface receptors to relay signals intra-
cellularly. More importantly, the nanoscale topography of 
ECM could profoundly impact the cell proliferation and 
differentiation, a property that distinguishes them from 
soluble factors (Su et al., 2022). Based on those observa-
tions, research interest is shifting from soluble factors to 
cell-residing matrix for tissue regeneration. Use of local 
ECM proteins to recapitulate the microenvironment 
where cells live may better induce the differentiation of 
hDPCs towards a desired direction (Fu et al., 2021; Now-
warote et al., 2022). In this preliminary study, we found 
that a novel recombinant peptide A5G81, derived from 
basement membrane of tooth germ, promoted hDPCs dif-
ferentiation and mineralization, accelerated RD forma-
tion in rat exposed pulp. The use of A5G81 incurs fewer 
regulatory hurdles because it triggers the dental pulp's 
own healing capacity, revealing its broad marketing pros-
pect. By using such a small fragment of LN rather than 
the entire protein, it can be easily synthesized in the lab, 
making it more reproducible whilst keeping manufactur-
ing costs low (Gaglione et al., 2019).

Given that a material favouring wound healing should 
facilitate the spreading, migration and proliferation of 
surrounding cells into the material, we used cytoplasmic 
crystal violet staining, fluorescence staining of cytoskele-
ton to evaluate cell spreading and proliferation of hDPCs. 
hDPCs seeded in A5G81-coated polystyrene began to 
spread and interact with the surrounding matrix at 20 min 
post-seeding (unpublished observation), and by 2 h, cells 
were fully elongated and displayed fibroblast morphology. 
In contrast, cells seeded into non-coated polystyrene re-
mained rounded, suggesting minimal interactions with 
the surface. These findings confirm that the observed cell–
matrix interactions are facilitated through specific ligand–
receptor interactions between the cells and the tethered 
A5G81.

For comparative study, we employed a frequently 
used coating material COL-1 as a positive control in cell 

adhesion and proliferation study (Hashimoto et al., 2020). 
The comparative study of cell proliferation indicated this 
tiny dodecapeptide manifests equal level of hDPCs adhe-
siveness as COL-1, a heterotrimer composing over 3000 
amino acids (Naomi et al.,  2021). The results of an in-
hibition assay show that anchorage of hDPCs to A5G81 
surface was mediated by PI3K, as the number of attached 
and spread cells was significantly reduced by addition of 
wortmannin, a specific and potent PI3K inhibitor (Abliz 
et al., 2015). Moreover, a protein array encompassing most 
of the members in Akt signalling pathway was conducted. 
The blotting results indicated that COL-1 and cyclic A5G81 
could potently trigger phosphorylation of Akt (ser-473), 
an effect that was much stronger than the linear A5G81. 
The high potentiality of cyclic peptide in eliciting signal 
transduction was consistent with other literatures (Dai 
et al., 2022; Zhou et al., 2022). Unfortunately, we cannot 
observe rapid cell adhesion on cyclic A5G81 as compared 
to linear A5G81. The possible explanation for this might 
be due to alteration in conformation of cyclic peptide in 
the 2D culture plate. Therefore, in the current study, we 
chose to use linear A5G81 instead of its cyclic counterpart.

To evaluate the progression of odontoblastic differen-
tiation by measuring transcriptional activity, we selected 
DMP-1, BSP, OPN, OCN, DSPP, ALP, ITGB-1 and COL1A1 
as differentiation markers of hDPCs. It is clearly shown 
that A5G81 could trigger the expression of odontoblastic 
factors at an early stage after cell inoculation. With the in-
crease of time, the difference of expression levels between 
control and A5G81 group diminished. The phenomenon 
is reasonable based on the fact that effects imposed by 
small peptide will be masked by various complete pro-
teins precipitated from culture serum. Since ARS could 
chelate with calcium cations, Alizarin red S staining is 
widely used to investigate calcific deposition in cell ma-
trix in vitro. Here, we found that both soluble and immo-
bilized forms of A5G81 accelerated the mineralization 
process of hDPCs. Overall, the pro-proliferation and pro-
mineralization properties of A5G81 are expected to pro-
vide an optimal microenvironment that facilitates local 
accumulation of hDPCs and its further differentiation 
into functional odontoblasts.

To further digging potential key genes that might in-
teract with A5G81 in hDPCs, three genes upregulated 
by A5G81 were pinpointed: HS3ST2 (Heparan sulphate 
glucosamine 3-O-sulfotransferase 2), LFNG (Beta-1,3-N-
acetylglucosaminyltransferase lunatic fringe) and TAC-
STD2 (Tumour-associated calcium signal transducer 2). 
The former two genes were enzymes that involved in 
fine-tuning heparan sulphate synthesis (HS3ST2) (Teix-
eira et al., 2020) and modulating NOTCH1 activity (LFNG) 
(Pennarubia et al., 2021). TACSTD2 is a gene responsible 
for transducing extracellular calcium signals. It is hence 
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suggested that A5G81 could potentially influence the ECM 
remodelling and calcium signal transduction process by 
upregulated HS3ST2, LFNG and TACSTD2. However, fur-
ther experiments are warranted to confirm this hypothesis.

The pro-adhesion and pro-mineralization capacity 
confirmed by in vitro experiments prompted us to further 
explore A5G81's potentiality in forming RD in animals. 
Indeed, histopathological observation of A5G81-capped 
rat tooth slice revealed denticle-like RD was successfully 
induced. Whilst in the BP group, a continuous and much 
dense layer of RD was formed extending from both mesial 
and distal sides of pulp exposure, confirming that iRoot 
BP+ plus is a highly efficient pulp-capping agent widely 
used in the clinic. Although A5G81 alone could induce 
the formation of RD, the quality of which was inferior to 
that formed in BP group. Possible explanation could be 
that iRoot BP+ plus is a mixture of tricalcium silicate and 
other calcium salts, so the formation of a compact layer 
of RD was primarily due to release of calcium ions (Shi 
et al., 2016). Regarding A5G81, it is a short peptide har-
bouring only 12 amino acids, no external calcium was 
contained in its sequence. Therefore, it is conceivable that 
the RD induced by A5G81 was thinner and less dense. 
Therefore, since the pulp tissue was in direct contact with 
A5G81 in the BPA group, it is also reasonable that the 
number of intense RD formation specimens was fewer in 
the BPA group than that in the BP group.

As discussed above, our data uncovered a positive role 
of A5G81 in stimulating in vitro hDPCs differentiation 
and in vivo RD formation, denoting a promising role of 
A5G81 in vital pulp preservation. Despite the findings, our 
study has some limitations. First, the physical adsorption 
was used for peptide immobilization instead of chemical 
crosslinking. Earlier findings denoted stable immobili-
zation (crosslinking) of peptides on surface could induce 
much intense activation of intracellular signaling path-
ways (Hersel et al., 2003). Hence the physical adsorption 
method we used here may compromise the in vitro effects 
of A5G81. Since stable immobilization of peptides will 
indeed activate more strongly of intracellular signalling 
pathways (Hersel et al., 2003). Secondly, the in vitro culture 
condition makes it impossible to monitor cell behaviour 
on peptide for long term, since various proteins deposited 
from the serum may mask the effects of peptide gradually. 
Therefore, development of a stable and controlled release 
system is necessary for its clinical application in the future.

CONCLUSION

We have identified and characterized a LAMA5-derived 
peptide with unique receptor-mediated and regenera-
tive properties that are beneficial to the healing process 

of exposed pulp. Notably, A5G81 outperformed COL-1 in 
its ability to induce odontoblastic differentiation and min-
eralization in vitro, and the mechanisms were shown to 
involve the PI3K/Akt signalling pathway. Furthermore, 
A5G81 showed a sound potential in inducing rapid for-
mation of RD within 2 weeks. The findings generated 
from the current work will likely provide a novel target 
for treatment in regenerative endodontics.
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